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a b s t r a c t 
The International Fusion Materials Irradiation Facility (IFMIF), presently in the Engineering Validation and 
Engineering Design Activities (EVEDA) phase was started from 2007 under the frame of the Broader 
Approach (BA) agreement. In the activities, a prototype Li loop with the world’s highest ﬂow rate of 
30 0 0 L/min was constructed in 2010, and it succeeded in generating a 100 mm wide and 25 mm thick 
with a free-surface lithium ﬂow along a concave back plate steadily at a high-speed of 15 m/s at 250 °C 
for 1300 h. In the demonstration operation it was needed to develop the Li ﬂowing measurement system 
with precious resolution less than 0.1 mm, and a new wave height measuring method which is laser- 
probe method was developed for measurements of the 3D geometry of the liquid Li target surface. Using 
the device, the stability of the variation in the Li ﬂowing thickness which is required in the IFMIF speciﬁ- 
cation was ± 1 mm or less as the liquid Li target, and the result was satisﬁed with it and the feasibility of 
the long-term stable liquid Li ﬂow was also veriﬁed. The results of the other engineering validation tests 
such as lithium puriﬁcation tests of lithium target facility have also been evaluated and summarized. 
© 2016 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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2. Introduction 
In parallel to the International Thermonuclear Experimental Re-
ctor (ITER) program, the Broader Approach (BA) activities [1,2] are
eing implemented by the European Union (EU) and Japan (JA),
iming at the early realization of the fusion energy. The BA
ctivities comprise the International Fusion Materials Irradiation∗ Corresponding author. 
E-mail address: wakai.eiichi@jaea.go.jp (E. Wakai). 
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Please cite this article as: E. Wakai et al., Engineering validation for 
Nuclear Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.20acility/Engineering Validation and Engineering Design Activities 
IFMIF/EVEDA) [3,4] , the International Fusion Energy Research Cen-
er (IFERC) [5] , and the Satellite Tokamak [6] started from 2007 in
he joint program. 
Some important studies and evaluations for fusion reac-
or materials developments were performed [7–10] . The evalua-
ion of radiation damage of materials was also performed [11–
3] and indicated some important results for synergistic effects
f displacement damage and helium and/or hydrogen production
n microstructural evolution and mechanical properties changes.
he synergistic effects on fusion reactor materials under aboutnder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
lithium target facility of the IFMIF under IFMIF/EVEDA project, 
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Fig. 1. Schedule of the EVEDA lithium test loop. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1 
Design speciﬁcation of mist trap and vapor trap in the EVEDA 
lithium test loop. 
Item Speciﬁcation 
Mist trap 
Type Inertial impaction 
Fluid Ar gas (0.3 m 3 /h in maximum) 
Design pressure −0.1 MPaG – 0.75 MPaG 
Operation pressure 1 ×10 −3 Pa(abs.) – 0.05 MPaG 
Design temperature 400 °C 
Operation temperature 250 – 350 °C (350 °C at Max.) 
Material SUS304TP-S, SUS304 
Vapor trap 
type Metal mesh 
Fluid Ar gas (Li vapor) 
Design pressure −0.1 MPaG – 0.75 MPaG 
Operation pressure 1 ×10 −3 Pa(abs.) – 0.05 MPaG 
Design temperature 400 °C 
Operation temperature 250 – 350 °C (350 °C at Max.) 
Material SUS304TP-S, SUS304 
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w  10 appm-He/dpa and about 40 appm-H/dpa in the reduced-
ferritic/martenstic steel in the front regime of the ﬁrst wall of fu-
sion reactor would be key issues for the fusion DEMO design and
the materials development. Therefore, it needs a high energy and
high-density neutron source to simulate the neutrons generated
by fusion reactions [3,24] . The objective of the IFMIF is to gener-
ate high intensity neutrons, which are similar to fusion neutrons
with 14 MeV, by injecting the deuteron beams accelerated to high
energy onto a free-surface lithium ﬂow with 260 mm wide and
25 mm thick. Guiding the liquid lithium along the concave back
plate at a speed of 15 m/s at 250 °C is required to increase the
pressure in the lithium ﬂow by the centrifugal force, to avoid the
boiling by the heat input of the deuteron beams, and to remove
the heat by the lithium ﬂow circulation [25] . This enables the
liquid Li target geometry to be maintained in the heat input of
40 MeV D + beams with 250 mA, and it can realize the simulated
fusion neutron source with high-intensity. The recent status of the
activity of the lithium facility in the IFMIF/EVEDA project has been
mainly summarized in references [26,27] . 
In this paper, the recent engineering validation of the lithium
target facility performed in the IFMIF/EVEDA project are described
and evaluated. 
2. Lithium facility activity in IFMIF/EVEDA project 
2.1. Task 1: construction, operation and tests of EVEDA Li test loop 
In the task 1 [26,28] , the schedule of design, construction
[28,29] , commissioning [29] , repair, re-commissioning, and opera-
tion [30] of the EVEDA lithium test loop (ELTL) with the world’s
highest ﬂow rate of 30 0 0 L/min are given as shown in Fig. 1 . The
basic engineering design of ELTL was performed in 2008 under the
IFMIF/EVEDA project. The engineering design of the Li test loop
was evaluated and prepared in 2009 for the construction, and then
the Li test loop was constructed for about one year in 2010. The
height of ELTL is 20 m. The Li dump dank was placed at the un-
derground level. The two electro-magnetic pumps, the cold trap,
and the vacuum pumps were placed at the ﬁrst ﬂoor. The heat
exchanger with air-type, the Li sampler, and the cavitation sensor
were mainly placed at the second ﬂoor. The target vessel, a part of
the quench tank, and the vacuum pumps for the target assembly
vessel were placed at the third ﬂoor. The height difference between
the electro-magnetic pumps and the level of the lithium surface inPlease cite this article as: E. Wakai et al., Engineering validation for 
Nuclear Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.20he quench tank is very important to suppress the occurrence of
avitation which can be induced from the electro-magnetic pumps.
ithium mist and vapor traps are very important to control the
acuum of ELTL. The lithium vapor pressure is calculated from the
ollowing an equation (see a reference [31] ): 
og P = 15 . 124 − 8442 . 5 / T − 1 . 64 log T + 2 . 597 × 10 −4 T (1)
here P (Pa) is the vapor pressure of lithium and T (K) is tem-
erature. The design speciﬁcations of the mist trap and the vapor
rap calculated from Eq (1) are given in Table 1 . The mist trap is
hown in Fig. 2 . The lithium mist comes from the right-hand side
f the pipe. The mist incidents in the trap plate in the mist trap
nd can be captured. The lithium vapor trap is given in Fig. 3 , and
he metal mesh is set in the trap. The treatment time for the mist
s assumed as about 60 s, and the ﬂow rate is assumed as 0.3 m 3 /h.
he trap vessel was made from 150A Sch 20S pipe (the parts of
50A and Sch 20S in 150A Sch 20S are correspond to a nominal
iameter and a nominal thickness in the pipe). The outer diame-
er is 165.2 mm and the thickness of the pipe is 5.0 mm, and the
equired length of the metal mesh was evaluated as 300 mm. Af-
er the vapor is passed though the mesh, it will come out passing
hrough the outlet of the trap. 
Then the commissioning tests as the initial functional tests
ere performed for three months from December 2010 to Februarylithium target facility of the IFMIF under IFMIF/EVEDA project, 
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Fig. 2. (a) Photo graph of lithium mist trap, (b) the schematic image. 
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Fig. 3. Lithium vapor trap, (a) photo graph of vapor traps, (b) the schematic image. 
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o  011. The components of the Li test loop (e.g. piping and tanks to
e touched with Li) were baked at 350 °C under a vacuum and sub-
equently 2.5-ton Li ingots were charged into the Li test loop, and
hen Li circulation tests were performed in (1) electro-magnetic
EM) pumps and ﬂow meters, (2) an air-cooler, (3) a cold trap
nd its economizer, (4) an off-line Li sampler, and (5) these instru-
ent calibrations. In the commissioning, the water-hammer behav-
or was observed in a Li valve of a bypass line in the route from
he EM pump to the target assembly, and it was avoided to use the
ypass line and the main line only was used in the test. The ﬁrstPlease cite this article as: E. Wakai et al., Engineering validation for 
Nuclear Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.20est of the Li target ﬂow test was performed in the target velocity
f 5 m/s at 300 °C in February 2011. 
After the commissioning tests, the Li test loop was unfortu-
ately damaged by the Great East Japan Earthquake on 11th March
011, and the repairing and re-commissioning tests had to be per-
ormed up to the end of June of 2012. 
In the demonstration tests of ELTL, the tests succeeded in gener-
ting a free-surface lithium ﬂow with 100 mm in width and 25 mm
n thickness along a concave back plate steadily at a high-speed
f 20 m/s at 300 °C for the ﬁrst time in the world as shown inlithium target facility of the IFMIF under IFMIF/EVEDA project, 
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Fig. 4. Image of lithium target with a velocity of 20 m/s at 300 °C which was press-leased on 22 th February 2013. 
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Fig. 5. Li target images at 20 m/s at 300 °C taken by (a) a video camera for two seconds and (b) a high speed video camera for 10 μs. 
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i  Fig. 4 , and it was press-leased by JAEA on 22 th February in 2013
as a title of “Engineering validation of high-speed free-surface
ﬂow by the liquid lithium ﬂow test facility with the world’s high-
est ﬂow rate; Major advance in neutron source development for
fusion reactor materials development”. The main content of the
press-lease was described as below: (1) the construction of a liq-
uid lithium ﬂow test facility with the world’s highest ﬂow rate
and success in generating 25 mm thick free-surface lithium ﬂow-
ing along a concave wall at a high-speed of 20 m/s, (2) a ma-
jor advance in the neutron source development necessary for val-
idating the feasibility of fusion reactor materials testing. It is
successful fulﬁllment of key objectives under the Broader Ap-
proach (BA) Activities aiming at the fast realization of fusion
energy. Please cite this article as: E. Wakai et al., Engineering validation for 
Nuclear Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.20As shown in Fig. 5 , the ﬁne structures on the lithium free sur-
ace can be seen in the image taken by a high-speed video camera,
nd it was tended to increase at 20 m/s compared to the condi-
ions at 10 m/s and 15 m/s. The detail of the results and the anal-
sis were reported in [32] , and the other instruments were also
repared and evaluated for the observation and measurements of
he Li ﬂowing behaviors. For the stability of the Li ﬂow with a free
urface, it was necessary to maintain the clean nozzle. If it had
ontaminations on the nozzle surface due to Li droplet formed in
he stopping operation, the lithium ﬂow can be easily disturbed.
herefore the Li target surface became relatively very stable and
moothly after the nozzle cleaning. 
Cavitation sensor systems of JAEA and ENEA were installed
n the target assembly, the down-stream pipe of the targetlithium target facility of the IFMIF under IFMIF/EVEDA project, 
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Fig. 6. Li target under the operation condition of IFMIF with 15 m/s at 250 °C under a vacuum of 10 −3 Pa. 
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e  ssembly, and the inlet pipe of the electro-magnetic pump, and
he tests were started from January in 2014 under the JA-EU col-
aboration study. No cavitation was observed in the area of the
lectro-magnetic pump, but the cavitation noise was detected in
he down-stream pipe under vacuum conditions. 
The second press-lease of the results of validation test of ELTL
as performed on 22 th December in 2014 as a title of “Major
rogress of engineering validation activities for the International
usion Materials Irradiation Facility (IFMIF) joined by Japan and the
U; Veriﬁcation of long-term stability of high-speed liquid lithium
ow for fusion neutron source”. The Li target image under a nega-
ive pressure is given in Fig. 6 , and the main content was described
s below: 
(1) Successful completion and achievement exceeding the goal
of the full scale test of the high-speed liquid lithium ﬂow
for the fusion neutron source under the BA Activities aiming
at the early realization of fusion energy jointly developed by
Japan and the EU. 
(2) Veriﬁcation of the long-term stability of over the 1300 h
high-speed liquid lithium target ﬂow beyond the goal of
10 0 0 h, using the test facility having the world’s highest
ﬂow rate, under the positive pressures mainly. 
(3) Major advance in the development of the IFMIF required for
the development of fusion DEMO reactors. 
.2. Task 2: diagnostics for lithium ﬂow with free surface 
The most important validation task is the measurement for the
tability of the high-speed liquid Li target with a free surface,
hich ﬂows at a speed of 15 m/s along a concave ﬂow channel
ith a 25 mm thickness at 250 °C. The free surface of a high-speed
iquid ﬂow seems to be generally very unstable. Thus, we have to
ontrol a high-speed lithium ﬂow with the deviation of Li ﬂow
hickness less than 1 mm. 
In the EVEDA Li test loop, the lithium ﬂow rate and pressure
ere recorded every second by two PCs in the central control room
very one second. On the other hand, the appearance of the Li tar-
et can be monitored and recorded by a video camera and a digital
amera [30] . Please cite this article as: E. Wakai et al., Engineering validation for 
Nuclear Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.20Since we predicted that the centrifugal force which acts on a
oncave ﬂow would suppress the deviation of Li free-surface wave,
e need to measure the actual Li ﬂow thickness, and we had
o develop a precise measurement device. We have developed a
ontact-type liquid level sensor for the measurement of lithium
ow on the free surface in the Li test loop. This sensor is equipped
ith a sharp probe and detects the contacts between the probe
nd liquid as electrical signals. The analysis of the contact signals
ields the property of free-surface waves. There were some issues
o be solved to employ this sensor as diagnostics in the Li test
oop. For instance, while the internal pressure of the smaller loop
s equivalent to the atmospheric pressure, that of the Li test loop
s a vacuum and it is required to counter the pressure difference
f 0.1 MPa between inner and outer pressures accordingly. Thus
e employed a strong structure and a powerful motor. Based on
he above design, we fabricated the sensor for the Li test loop. The
erformance test results showed that the probe can be positioned
ith a high precision with respect to the ﬂuid-depth direction (the
esolution: 0.1 mm (this resolution is determined by a remote step-
ing of 0.1 mm), the positioning precision: 0.01 mm). The Li target
as successfully produced at a high speed of 20 m/s. The stability
f the Li target was almost within the requirement, and the details
re described in some references [32–34] . 
We have been developing a new non-contact method [32] , and
n application of a laser-based distance meter to the measurement
ethod of Li jet thickness at the jet velocity of up to 15 m/s has
een examined and the positioning precision was evaluated as a
uperior precision of 16 μm (9 μm for specular moving surface + 7
m for diffuse object), which was much more precise than the re-
uirement of 0.1 mm and the value in the contact-type liquid level
ensor (the positioning precision: 44 μm) [33,34] . 
.3. Task 3: erosion/corrosion 
This task for erosion/corrosion in lithium under the puriﬁca-
ion controlling of nitrogen by N hot trap and oxygen and car-
on by cold trap under monitoring by resistivity meter is being
erformed using a new lithium test loop which is named Lifus-
 in ENEA Brasimone [26,27] . In this task, the main subject is to
erform corrosion/erosion tests at a constant temperature (a ref-
rence: 330 °C) under Li ﬂow with a velocity (a reference: 16 m/slithium target facility of the IFMIF under IFMIF/EVEDA project, 
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Table 2 
Proposal speciﬁcation of the N hot trap. 
Operating Temperature 50 0–60 0 °C 
Reduction range of 
nitrogen concentration 
From 100 to 10 wppm 
Container (vessel) Ferritic steels or F82H, 
Eurofer-97 steel 
(Corrosion rate of SUS304 
is about 2 μm/yr at 
400 °C in Li.) 
Getter material Getter element Fe-5at%Ti alloy pebble 
Particle size 0.16 ± 0.06 mm 
Total required weight of 
getter element 
115 kg 
Operating temperature 50 0–60 0 °C 
Reduction range of 
nitrogen concentration 
From 300 to 100 wppm 
Container (vessel) Ferritic steels or F82H, 
Eurofer-97 steel 
(Corrosion rate of SUS304 
will be about 2 μm/yr at 
400 °C in Li.) 
Getter material Getter element Pure Ti foil 
( Thickness :10 ∼100 μm), 
or Pure Ti sponge 
Total space volume size 
for the getter material 
Pure Ti foil: 
1[m] ×1[m] ×1[m] or Pure 
Ti sponge: 
30[cm] ×30[cm] ×30[cm] 
Table 3 
Proposal speciﬁcation of the H monitor. 
Item Condition 
Operating temperature 600 °C 
Accuracy < 10 wppm 
Sensitivity < 0.2 wppm 
Material for the window of 
hydrogen monitor 
Pure iron 
Container (vessel) Ferritic steels or F82H, 
Eurofer steel 
Table 4 
Design values of Y hot trap for IFMIF. 
H hot trap Design value 
Volume 26 L 
Vessel SUS304 
Getter material Yttrium particle 
The diameter of Y particle 0.8 mm–1.3 mm 
Amount of getter material 25 kg 
Absorption temperature 300–350 °C 
Filter size 0.077 mm 
Li ﬂow rate 10 L/min 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Image of laser welding and cutting by Li inlet pipe with lip seal ﬂange. 
Fig. 8. Specimen simulating lip seal ﬂange. 
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l  in the test section) using the puriﬁed Li with less than 30 wppm
N. Reduced-activation ferritic/martensitic steels of Eurofer-97 and
F82H were selected as the test materials, and the experimental
times are planned to be about 10 0 0 h, 20 0 0–30 0 0 h, and 40 0 0–
60 0 0 h. From the experiments, the corrosion/erosion rate of the
steels will be evaluated. The techniques used for the measurement
of erosion and corrosion are given as below: (1) the weight mea-
surement (resolution 0.1 mg), (2) the measurement of the surface
roughness and thickness proﬁle, (3) the metallography of the spec-
imen surfaces by optical and scanning electron microscopy, (4) the
elemental analysis of the residual metallic matrix by an energy dis-
persive X-ray spectroscopy, (5) the measurement of impurity nitro-
gen content in Li in the test loop, and (6) the analysis of the cor-
rosion product deposition in the loop. Please cite this article as: E. Wakai et al., Engineering validation for 
Nuclear Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.20.4. Task 4: Li puriﬁcation system 
The major impurities in the lithium loop of the IFMIF are pro-
on, deuterium, tritium, 7 Be, activated corrosion products and the
ther species (C, N, O). Non-metallic impurities such as H, C, N,
nd O in lithium could enhance not only corrosion on structure
aterials, but also erosion precipitating compound particles. The
nﬂuence of nonmetallic elements on the compatibility of struc-
ural materials with liquid alkali metals was examined by Natesan
35] . 
A recent study of puriﬁcation system by J. Yagi et al. [36] sum-
arized the puriﬁcation method in a lithium loop as follows: N
nd O elements in lithium have effects of degradation on the trap-
ing rates of hydrogen in yttrium, which is a candidate material of
ydrogen isotopes trap for lithium [37–39] . The solubility of O and
 in lithium is so low, < 10 wppm, around the melting point of
ithium, that their concentration can be controlled by a cold traplithium target facility of the IFMIF under IFMIF/EVEDA project, 
16.05.012 
E. Wakai et al. / Nuclear Materials and Energy 0 0 0 (2016) 1–8 7 
ARTICLE IN PRESS 
JID: NME [m5G; June 3, 2016;20:56 ] 
Fig. 9. The setting for laser welding test. 
1. Lithium leak detector for pipes
Electric contact-type leak detector
3. Floor structure for safety in a 
case of lithium leak incident
2. No Water in all components 
of ELTL for Safety
4. Natrex-L is prepared on each 
floors for Lithium Fire Accident
5. Separation between Laboratory 
and Control Room
To Drain Tank in Automatically
Fig. 10. Li safety and handling technique in the ELTL. 
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a  40] . In contrast, the solubility of nitrogen in lithium is high even
t the melting point of lithium; thus, the N concentration must
e decreased by hot trapping. There were some previous investi-
ations on N trapping in which the Fe–Ti alloy demonstrated its
ffective nitrogen trapping behavior [41,42] . 
Recently, an experiment of D removal down to 1 wppm from a
i forced ﬂow by Y particle bed has been performed, and D was
urely recovered by Y getter at 300 – 400 °C [43] . In the nitrogen
rap validation experiments, considering the recent validation re-
ults [44] and the output in previous nitrogen trap experiments on
ot trapping by Fe–Ti alloy [41,42] , the temperature of the lithium
hould be performed in the range from 400 to 600 °C. 
In the analysis of impurity nitrogen concentration in lithium, a
ointed collaboration study between EU and JA has been also per-
ormed, and the content is recently summarized by P. Favuzza of
NEA [45] . 
From our recent studies, the proposal speciﬁcations of the N hot
rap, H hot trap, and H monitor are summarized in Tables 2–4 . Please cite this article as: E. Wakai et al., Engineering validation for 
Nuclear Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.20.5. Task 5: remote handling and Li safety 
In this task, there are two validations and evaluations for safety
nd remote handling. In JA side, mock-up lip-seal welding/cutting
ests using mainly 316 L steel plates by a prototype ﬁber-laser sub-
ystem [5,26,46] , and Li safety handling [47,48] were also per-
ormed. The former subsystem utilized a ﬁber laser system of
RUMPF, TruDisk 10,003 or 16,002 type and the demonstration of
he cutting and welding was performed as given in Figs. 7–9 . The
ber-laser output power was operated at 5.0 kW and the weld-
ng or cutting speed was selected and controlled at a velocity of
.0 m/min. 
In the EU side, the target assembly with a bayonet backplate
as manufactured in a test cell mockup, and the remote handling
alidation tests using the target assembly were performed as the
ngineering validation activities in ENEA. 
In Fig. 10 , the main components of the lithium safety system
pplied in the ELTL are given. For the lithium safety, some systemslithium target facility of the IFMIF under IFMIF/EVEDA project, 
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 were adopted in the EVEDA Li test loop [47] . Lithium leak detec-
tors were attached in all of the pipes and components in the Li
test loop. In the Li test loop, no water was utilized in all the com-
ponents such as the heat exchanger and the vacuum system. In
readiness for a lithium leak incident, the ﬂoor structure designed
to have the steel wall with a height of 5 cm in the areas of less
than 5 m 2 and it had the drain lines in each area. The total amount
of lithium in the main loop and the puriﬁcation loop is about 3.7
m 3 , and the volume size of the Li leak collecting tank for the leak
lithium is 4 m 3 . A ﬁre extinguisher (Natrex-L) was installed for a
lithium ﬁre accident. In the Li test loop, the laboratory area and
the control room were basically separated for safety. 
5. Conclusions 
The major progress of engineering validation activities in the
IFMIF/EVEDA project joined by Japan and the EU was a veriﬁcation
of long-term stability of high-speed liquid lithium target ﬂowing
for fusion neutron source. Successful completion and achievement
exceeding the goal of the full scale test of the high-speed liquid
lithium ﬂow for the fusion neutron source under the Broader Ap-
proach Activities aiming at the early realization of fusion energy
jointly developed by Japan and the EU. The veriﬁcation of the long-
term stability of over the 1300 h high-speed liquid lithium target
ﬂow beyond the goal of 10 0 0 h, using the test facility having the
world’s highest ﬂow rate, and the veriﬁcations of lithium puriﬁca-
tion, lithium safety and the remote handling technique were also
performed. 
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